A comprehensive particle scale model for pyrolysis of biomass has been developed by coupling the reaction mechanisms and transport phenomena. The model, which also accounts for the combined effect of various parameters such as particle shrinkage and drying, was validated using available experimental data from the literature. The validated model was then used to study the effect of operating temperature and biomass particle size, both of which strongly influenced the rate of biomass conversion. For example, for particle sizes less than 1 mm, a uniform temperature throughout the particle was predicted, thus leading to higher conversion rates in comparison to those in the larger particles. On the other hand, any increase in moisture content led to considerable decrease in the rate of biomass conversion. For the operating conditions considered in this study, the volumetric particle shrinkage also increased the decomposition of biomass to end products. 
Introduction
Owing to their possible effect on the global warming, there is a worldwide drive to reduce our reliance on fossil fuels, which contribute about 98% of carbon emissions (Demirbaş, 2006) . Also, there is a shift from non-renewable energy sources to bio-energy (bio-fuels) due to continuous depletion of fossil fuels. Biofuels are derived from biomass, which significantly decreases emissions of harmful gases such as SO x and NO x . Examples of commonly used biomass include plant matter such as forest residues (dead trees, branches and tree stumps), yard clippings, wood chips and municipal solid waste. The benefit of using biomass arises due to its renewable nature and ability to re-utilize the emitted greenhouse gas (CO 2 ). Biomass-derived fuels are currently estimated to contribute around 13 % of the world's energy supply (Demirbas et al., 2009) . Pyrolysis is one of several processes for producing energy from biomass (Chakravarti et al., 2012) , where a set of thermo-chemical decomposition processes are used to convert the organic materials in biomass into carbon-rich solid and volatile matters by heating in the absence of oxygen (Demirbas & Arin, 2002) . The solid content of pyrolysis products is known as the biochar or char, and is generally high in carbon content. The volatile contents are partly condensed to give a liquid fraction called tar or bio-oil (high molecular weight compounds) along with a mixture of the non-condensable gases (H 2 , CO, CO 2 , and C1-C4 hydrocarbons). The formation of these products is from both primary decomposition of the solid biomass as well as secondary reactions of condensable volatile organic products into low-molecular weight gases, secondary tar and char, while transporting through particle and reactor gas environment (Di Blasi, 2008) . The proportion in which liquid and solid products are formed is dictated by not only feedstock properties but also the operating conditions.
Due to the increasing applications of biomass pyrolysis for value added products formation, several modelling studies have been reported in the literature. Thurner and Mann (1981) developed a model for investigating the kinetics of gas, char and tar formation from the pyrolysis of wood. Di examined the kinetics of isothermal primary degradation of beech wood in temperature range of 300-435°C. They found that variation in the product yields and kinetic rates was mainly because of the effect of different heating rates, operating temperatures and experimental setups. Liden et al. (1988) proposed a kinetic model for production of organic liquids from flash pyrolysis of biomass. In their model, it was assumed that wood or other biomass decomposes according to two parallel reactions yielding gas with char, and liquid tar which further decomposes by secondary homogeneous reactions into gaseous products. Some more studies had been undertaken for analysing the secondary tar cracking reactions during biomass pyrolysis (Baumlin et al., 2005; Boroson et al., 1989b; Fagbemi et al., 2001; Font et al., 1990; Morf et al., 2002) .
For studying the dynamics of pyrolysis process, different models (Chan et al., 1985; Di Blasi, 1993b; Kansa et al., 1977; Koufopanos et al., 1991) had been proposed for understanding transport phenomena with chemical kinetics inside biomass particle. Di Blasi (1996) proposed a transport model for studying the effect of particle shrinkage on pyrolysis. Some assumptions such as negligible moisture content and no condensation of tar species inside the particle were also taken into account (Di Blasi, 1996) . Bryden and Hagge (2003) analysed the pyrolysis of a moist, shrinking biomass particle in their model. The authors combined the impact of moisture and particle shrinkage on pyrolysis times and product yields were taken into account. Although this model included the effect of shrinkage due to char, it ignored the shrinkage due to the volume occupied by volatiles (Di Blasi, 1996) . Park et al. (2010) studied the degradation mechanism of wood at different temperatures. In this model, the major emphasis was on the endo/exothermicity of the reactions occurring during the process, and also to the effect of pressure generation on particle structure. However, this model didn't account for particle shrinkage and diffusive flux for gaseous species. Lu et al. (2010) proposed a model for studying the effect of particle shape and size on the rate of biomass devolatilization. They contradicted the results of Janse et al. (2000) by stating that spherical particles have slower rate of heat and mass transfer as compared to other aspherical particles of the same volume/mass. Recently, Peters (2011) developed a model for analysing the pyrolysis rate of different biomass samples such as spruce, beech, casuarina, pine wood, cellulose and lignin for different heating rates and particle geometries. However, these models (Lu et al., 2010; Peters, 2011) did not include the effect of particle shrinkage and drying during the pyrolysis.
Although there were currently several models for pyrolysis of biomass particles for predicting the rate of biomass degradation and product yields, most of these models cannot predict the combined effect of all the physical and chemical processes such as moisture content and particle shrinkage. Furthermore, any change in thermo-physical properties of biomass during pyrolysis and catalytic effect of biochar on tar cracking reactions has not been explicitly considered. In this study, a comprehensive model for pyrolysis of biomass particle has been developed, which not only considers the combined impact of process parameters but also includes the catalytic effect of biochar on reaction mechanism.
Model development
In order to develop a comprehensive model for the pyrolysis of biomass particles, kinetic models for both primary decomposition of biomass and secondary tar cracking reactions as well as momentum, mass and energy balances for biomass degradation were included in the model. Below we briefly describe development of this model under following sub-headings:
Kinetic Model
For the kinetics of reactions, a two-stage reaction model has been proposed by considering biomass as a single homogeneous species instead of a mixture of different components like cellulose, hemicellulose and lignin. During this thermo-chemical degradation, biomass actually decomposes into various products by an infinite number of independent parallel reactions. However, for this study, the reaction products have been lumped into three major classes: gases also known as Non-condensable gas (NCG), high molecular weight organic liquid called as tar (primary and secondary), and a solid residue named as char or biochar (also contains metals/minerals and some amount of ash).
Reaction Chemistry
Any increase in temperature favours dehydration and chain cleavage (like decarboxylation, decarbonylation) reactions of solid biomass, which leads to formation of char, light gases and some amount of water. This also causes the reduction in degree of polymerization of biomass, which further leads to formation of volatiles or primary tar by biomass depolymerization reactions.
The primary tar is mainly comprised of a reactive mixture of oxygenated hydrocarbon compounds, which undergoes reactions such as cracking, partial oxidation and repolymerization homogeneously (in vapour phase) as well as heterogeneously (adsorption on active sites of biochar matrix/surfaces) at higher temperatures. The major products of these reactions are gaseous components and aromatic secondary tars (Mono-aromatic and Polyaromatic hydrocarbons) with some amount of water. This step is based on analysis of homogeneous and heterogeneous primary tar cracking reactions, where the secondary cracking of tar inside the particle results into gaseous products and secondary aromatic tar in temperature range of 227 to 827°C (Chan et al., 1985) . In a further experimental study, decomposition of sewage sludge at higher temperatures and longer gas residence times in fluidized bed reactor led to increase in non-condensable gases and change in structure of oil compounds due to tar cracking reactions (Shen & Zhang, 2003) .
The aromatic secondary tar also reacts heterogeneously and leads to formation of char by repolymerization reactions at higher temperatures. This step is based on analysis for aromatic tar reactions on catalytic char surfaces. It has been reported in the literature (Sun et al., 2007; Wu et al., 2005; Zhang et al., 2008a; Zhang et al., 2008b ) that surfaces of various carbonaceous materials can catalyse the decomposition of hydrocarbons. Based on the experiments performed in temperature range of 400 -600°C, it was found that tar formed by primary pyrolysis of wood is reactive in the presence of wood char causing formation of gaseous components and char (Boroson et al., 1989a) . The kinetic parameters for the conversion of tar into char by re-polymerization step inside the biomass particle was also calculated (Di Blasi, 1993a) . Hence, it has been deduced that the biochar in the biomass pyrolysis process can catalyse the further decomposition of the tarry products in-situ.
Reaction Mechanism
The kinetic reactions for biomass pyrolysis are shown in Figure 1 . The primary thermal decomposition of biomass (hemicellulose, cellulose and lignin degradation) leads to formation of gases, primary tar and char (reaction 1, 2 and 3 with kinetic constant K 1, K 2 and K 3 , respectively). Based on earlier theoretical and experimental analysis (Chan et al., 1985; Di Blasi, 1993a; Lu et al., 2010) of these decomposition reactions, they have been considered first order in nature with respect to biomass concentration. The homogeneous and heterogeneous cracking of primary tar, inside the particle and in reactor environment, causes formation of gases and aromatic secondary tar (reaction 4 and 5 with kinetic constant K 4 and K 5 , respectively); and further heterogeneous cracking of highly aromatic secondary tar leads to production of char (reaction 6 with kinetic constant K 6 ). Similar to primary biomass decomposition, the secondary tar cracking reactions depend on operating parameters such as temperature. However, there are other parameters such as vapour/gas residence time and available catalytically active sites which affect these reactions. The secondary tar cracking reactions were also considered to be of first order in nature with respect to primary and secondary tar concentration. Proposed kinetic model for biomass degradation mechanism.
During thermal decomposition of biomass, the primary step of gas, tar and char formation requires heat energy for bond breaking reactions, and hence, they are endothermic in nature. The secondary tar cracking liberates some amount of energy due to oxidation reactions, and thus, they are slightly exothermic (Koufopanos et al., 1991) . The values of kinetic constants in terms of Arrhenius parameters and heat of reactions required during particle modelling have been given in Table 2 and 3, respectively.
Particle Model
A single particle model has been developed for studying transport phenomena with reaction kinetics inside biomass particle. This model considered the heat and mass transfer effects due to formation of temperature and concentration gradients inside particle during decomposition. This model also included the effect of particle drying and shrinkage on biomass pyrolysis, with change in thermo-physical properties of biomass during degradation. For deriving the conservation equations, some assumptions were made for this process:
1. One dimensional, time dependent domain studied for biomass particle. 2. Local thermal equilibrium (no temperature gradient) considered between vapour and solid phase. 3. Re-condensation of volatiles in cooler regions of the particle not taken into account because of higher permeability of char as compared to solid biomass. 4. The volatile or gas phase assumed to follow ideal gas conditions. 5. The kinetic and potential energies of particle were neglected during energy balance. 6. The heat of reactions for NCG and secondary tar formation were considered equal. 7. Particle shape did not change during the degradation process, i.e., cracking or fragmentation not considered.
Particle drying
The presence of moisture inside particle affects various physical and chemical processes during decomposition. Moisture content remains mainly as chemically bound water on available absorption sites in biomass or as free water within the pores held by weak capillary forces (Moghtaderi, 2006) . Particle drying is an important phenomenon during pyrolysis and governs the rate of mass and heat transfer inside the particle. There are different schemes proposed for considering drying process inside the particle (Bryden et al., 2002) . The kinetic scheme proposed by Chan et al. (1985) was utilized in this model for conversion of moisture (M) present in particle to water vapour (W) during pyrolysis process. According to this scheme, water vapour produced during drying is proportional to amount of moisture present inside the particle. This reaction step includes both water of evaporation as well as water of dehydration during the overall process. This is quite a simplified and numerically stable
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scheme, and will lump all the physical processes during drying into a single chemical reaction with kinetic constant K vap (given in Table 2 ).
Particle Shrinkage
Particle shrinkage is an important physical phenomenon during degradation mechanism. With decrease in particle size during process, temperature gradient as well as residence time of volatiles inside particle gets reduced (Babu & Chaurasia, 2004) , which eventually affects the rate of primary decomposition and secondary tar cracking reactions . Different schemes such as Shrinking Core Model and Progressive Conversion Model were proposed for considering the particle shrinkage (Kunii & Levenspiel, 1991) . In the current model, the shrinkage was assumed to be equal to the fraction of the solid which got devolatilized. This was achieved by treating the total particle volume to be a function of the mass of the biomass, moisture and char, and calculating any change in the "solid" volume of the particle both due to conversion of biomass and vaporization of moisture into pyrolysis products (equation 1). However, the particle diameter was treated to be constant throughout the process.
here 0 stands for initial state (at start of pyrolysis process) and f stands for final state (at end of process). , and are the mass of biomass, moisture and biochar at any time t during the process, respectively. Figure 2 shows the mechanism for decomposition of a moist shrinking biomass particle.
Figure 2
Schematic for showing decomposition progress in a moist shrinking biomass particle.
Conservation Equations
Biomass particle acts as a porous medium which allows outflow of vapour products during pyrolysis process. Conservation of momentum (equation 2) in this medium has been given according to modified relationship of Joseph et al. (1982) . In this expression, time derivative of velocity has been neglected because it is barely affecting convection studies due to high kinematic viscosity in comparison to permeability to characteristic time of the process inside porous medium. Also, nonlinear drag due to inertial effects has been considered small and hence, replaced with a quadratic drag term. 
where is the viscosity of vapour phase, is the permeability of porous solid medium [see Appendix A.1.], is form-drag constant (value taken as 0.55), is the vapour phase velocity in porous medium and is the pressure gradient across the medium. In this model, the vapour conditions were calculated using ideal gas equation of state (equation 3).
here is the density of the vapour phase, is the molecular weight of the vapour phase, is pressure inside the particle, T is temperature inside the particle and is universal gas constant.
In this model, total eight species have been included for mass balance, that are, biomass, noncondensable gases, primary tar, secondary tar, char, moisture, water vapour and inert gas (such as nitrogen or helium). The mass balance equations are developed for all of these species (equation 4-6 for solid phases and 10-14 for vapour phases) including proposed kinetic model and mechanism for evaporation of moisture during drying of biomass particle.
For solid phase, there are no convective and diffusive transport terms for mass balance. Therefore, the conservation equations for biomass, char and moisture (equation 4-6) are given in terms of source term or rate of production/consumption only.
and,
where the left side term of equation is accumulation term for solid phases. Here, is porosity or particle voidage [see Appendix A.1.].
For vapour phase, the conservation equations for all species expressed in this generalized form:
where first and second term on left side of equation refers to accumulation and convective transport due to bulk flow, respectively. Whereas first and second term on right side refers to diffusive transport due to concentration gradient and contribution due to chemical reactions (source term), respectively. Here is density, is rate of production/ consumption by chemical reaction and ⃗ is diffusion flux of i th species in vapour phase given as:
where , is effective diffusion coefficient [see Appendix A.2.] and , is thermal (soret) diffusion coefficient of i th species. As one-dimensional particle domain considered for our model, the above defined conservation equation (equation 7) represented in this model as:
The contribution of thermal diffusion is negligible in diffusion flux as compared to molecular diffusion; hence it is neglected in this model (equation 9). The last term on right side is included to consider the effect of volumetric shrinkage of particle on component diffusion.
Here n is 0 for flat plate or slab shaped particle, 1 for cylindrical particle, and 2 for spherical particle. is the vapour phase velocity in one-dimensional particle domain, calculated using equation 2.
Hence, for Non-condensable Gases (G), the mass conservation equation given as:
Similarly, for Primary Tar (T1):
For Secondary Tar (T2):
For Water Vapour (W):
and, for Inert Gas (I):
For Inert Gas (equation 14), convective flow inside the particle is considered negligible. There is only diffusive flow which governs mass transfer inside the particle.
Based on mass balance equations of vapour phase components (equation 10-14), the overall continuity equation for vapour phase given as:
For porous biomass particle, the energy balance is given by combining both vapour phase and solid phase in a single conservation equation. The generalized form of this equation is:
The first and second term on left side of equation 16 corresponds to enthalpy accumulation and energy flow due to convective transport, respectively. Whereas, the first term on right side represents energy contribution due to conduction. Here, is effective thermal conductivity of medium, is total fluid medium energy, is total solid medium energy due to thermal inertia of solid medium, and is heat of chemical reactions or any other volumetric heat source [see Appendix A.3., A.4. and A.5.] . ∑ ℎ is energy transfer due to species diffusion and . ⃗ is energy transfer due to viscous dissipation. In our model, the energy transfer due to species diffusion and viscous dissipation were considered negligible.
The overall energy conservation equation in terms of specific enthalpies and species concentration given as:
Here, h iv and h is are specific enthalpies of i th species in vapour and solid phase, respectively [see Appendix A.4.] . In this equation, the last term on right side represents the effect of particle shrinkage on total energy (both vapour and solid phase enthalpies) during thermal degradation of biomass. The energy accumulation due to pressure forces inside the particle were considered negligible, and therefore, not taken into account.
Numerical Solution
The momentum, mass and heat balance equations were solved using PDE (partial differential equation) solver pdepe of MATLAB 7.0. This solves initial-boundary value problems for systems of parabolic and elliptic PDEs in the one space variable r and time t. The solver converts the PDEs to ODEs (ordinary differential equation) using a second-order accurate spatial discretization based on a specified grid size. The time integration of ODEs was completed using differential-algebraic equation solver of MATLAB for a given time step. The authors are interested to share the details of this MATLAB code with other researchers.
Initial and Boundary Conditions
At time = 0, the biomass particle was non -reacting. Therefore, the initial conditions were:
(density of moisture-free solid biomass) (21)
(density of available moisture in biomass)
,0 = ,0 + ,0 (total biomass density at initial time) (23) ( = 0, ) = 0 (assuming negligible inert gas inside particle at start of process) (24)
When biomass was decomposing, the particle boundary conditions were given by conditions of pressure, heat and mass fluxes at certain positions of the particle. In this case, only halfparticle was considered due to symmetrical heating, leading to variation in dependent variables from centre to surface of particle. 
The first component on right side in equation 30 is due to convective heating of particle by inert gas like nitrogen, and the second one corresponds to radiative component arising due to high temperature conditions inside the reactor. The last term on right side is heat flux term for considering the contribution of heat source such as furnace or arc lamp, if provided in the pyrolysis setup. Here, is surface emissivity and ℎ ℎ is heat transfer coefficient [see Appendix A.6. and A.7., respectively] .
is surface temperature, is bulk gas temperature, is apparatus (reactor) wall temperature and is Stefan -Boltzmann constant.
where ℎ , is mass transfer coefficient of i th species [see Appendix A.7.], , is bulk phase density of i th species and , is surface density of i th species. The effect of pressure on diffusive flow is not considered in equation 31. However, the pressure effect in equation 2 is due to the outflowing vapours from inside the biomass particle towards the surface. This pressure difference is used for calculating the vapour velocity which governs the convective flow of volatile components in equations 10 to 13.
Thermo-physical properties and Reaction parameters
For solving the conservation equations, the required values of thermal, physical and chemical properties were taken from literature (Table 1) . Also, the kinetic rate constants (Table 2) and heat of reactions (Table 3) for the proposed reaction model were taken from available data. Table 1 Thermo-physical properties of biomass.
Property Value References
Biomass Permeability, Di Blasi (1998) Char Permeability, , Janse et al. (2000) # Constant values of heat capacities were taken from literature as a valid assumption for considering thermal effects during biomass particle pyrolysis. 
Results and Discussion
The model results were validated using experimental data available in the literature. The effect of temperature, particle size, moisture content and shrinkage on biomass conversion in different operating conditions has been analysed.
Validation of model results has been done using experimental studies of Sreekanth and Kolar (2009) . The conversion time of a 10 mm diameter and 10 mm long wood particle (Casuarina equisetifolia) with about 10% moisture content was analysed in a lab-scale fluidized bed combustor. The density of dry wood particles was 500 kg/m 3 . The bed consists of sand particles (550 µm size) at a temperature of around 834°C. According to their analysis (Sreekanth & Kolar, 2009) , the conversion time is inferred as the time at which the dry wood density reduces to 1% of initial value. This density is considered as the density at particle centre for model analysis. The heat transfer coefficient calculated using correlations given in Appendix A.7 underestimates the rate of heat transfer in fluidized bed conditions. Therefore, for model comparison with existing studies from fluidized systems, heat transfer coefficient values as applicable under respective conditions have been used. In this case, the heat transfer coefficient of 285 W/m 2 -°C (Sreekanth & Kolar, 2009 ) has been used. However, the mass transfer rate is not significantly affecting the process, and hence, mass transfer coefficient values were kept same as calculated using given correlations in Appendix A.7 for fluidized bed studies.
Figure 3
Estimation of conversion time for a moist wood particle in a fluidized bed reactor (particle diameter = 10mm, reactor temperature = 834 0 C).
It has been clear from Figure 3 that density at centre starts decreasing after about 26 seconds.
The pyrolysis reactions at centre has been started after that time, and led to conversion of wood to char and other volatile products. The density at centre reduces to 1% of its initial value at around 46.7 seconds. According to experiments (Sreekanth & Kolar, 2009 ), this time was coming 46 seconds, which is quite close to the modelling results.
Effect of reactor temperature
The simulation results were compared with experiments of Park et al. (2010) for a spherical biomass particle (moisture free) of 25.4 mm diameter in temperature range of 415 to 606°C in a vertical tube furnace. The results are shown in Figure 4 for three different values of temperature. It was found that results were quite satisfactory in that range, but there were some deviations in mass loss profile with decreasing temperatures. Also, there was negligible decrease in mass of solid at start of process, but thereafter, there was constant rate of mass loss, finally reaching to a fixed (around 20 % here) value of remaining solid product yield. The deviation at lower temperatures was because of incapability of model to predict the devolatilization kinetics, which was mainly due to uncertainties in values of parameters such as activation energies and heat of reactions available in literature for a variety of biomass samples. For large size particles, conductive heat transfer determines the global devolatilization rate at higher temperatures, while the rate is controlled by reaction kinetics at lower temperatures (Chan et al., 1985) . Therefore, for analysing the mass loss profile of large length scale particles at lower temperatures, it is highly desired to accurately estimate the reaction kinetic constants of particular biomass samples for getting better results. Biomass fraction comparison between proposed model and experiments (Park et al., 2010 ) for different temperatures (particle diameter = 25.4 mm).
Figure 5
Comparison of particle centre temperature with experiments (Di Blasi & Branca, 2002) at different temperatures for 4 mm diameter and 20 mm length particle.
The simulation results for studying the effect of operating temperature in fluidized bed conditions were compared with experimental analysis of Di Blasi and Branca (2002) using cylindrical beech wood particles of 4 mm diameter and 20 mm length (see Figure 5 ). The thermal conductivity for beech wood particles considered here was 0.209 W/m K across the fibres and 0.349 W/m K along the fibres (Di Blasi and Branca, 2002) . For this study, the heat transfer coefficient of 285 W/m 2 -°C (Sreekanth & Kolar, 2009) devolatilizing particles (Ross et al., 2000) . The characteristic process time (or conversion time) is directly dependent on duration of plateau of particle centre temperature (Di Blasi & Branca, 2002; . Based on the results, it has been analysed that with increase in outlet temperature, the duration of plateau decreases leading to shorter conversion time of particle. With increase in operating temperature in a reactor configuration for a fixed size particle, the rate of heat transfer inside the particle and rate of chemical reactions increases, leading to reduction in overall time for completion of pyrolysis process. However, temperature has to be chosen with other operating parameters such as particle size and vapour residence time for getting desired product yield, as these parameters affect the rate of secondary tar cracking reactions in reactor environment which lead to variation in product compositions.
Effect of particle size
For analysing the impact of particle size on degradation process, model results were compared with experiments of Di Blasi and Branca (2002) for 3 different diameters of cylindrical beech wood particles (having constant length of 20 mm) pyrolyzing at temperature of around 534°C in a fluidized sand bed reactor. The thermal conductivity for beech wood particles considered here was 0.209 W/m K across the fibres and 0.349 W/m K along the fibres (Di Blasi and Branca, 2002) . In this case, the heat transfer coefficient of 285 W/m 2 -°C (Sreekanth & Kolar, 2009 ) has been used. Based on results (shown in Figure 6 ) for rise in particle centre temperature with time, it was found that with increase in particle diameter, there has been decrease in internal heat transfer rate by conduction. This leads to delay in heating of particle core and increase the overall conversion time of biomass. Based on modelling comparison between surface and centre temperature for different sized cylindrical particles (as shown in Figure 7 ) with heat and mass transfer conditions maintained same as of Di Blasi and Branca (2002) , it was found that with increase in particle diameter, the heat transfer resistances increase. For 1 mm particle diameter, temperature gradient between surface and centre is very small, while it increases for 2mm and 4mm diameter particles. Therefore, smaller size biomass particles convert to volatiles and solid products at a faster rate for given operating conditions in any reactor. From the results, it has been also predicted that for particle sizing <= 1mm, the heat transfer resistances inside the particle can be neglected and a uniform temperature can be assumed throughout the biomass particle during pyrolysis. Surface and centre temperature comparison for different sized particles in fluidized bed conditions (reactor temperature = 534°C). (a) particle diameter: 1mm; (b) particle diameter: 2mm; (c) particle diameter: 4mm.
Based on the results, it was analysed that with increase in particle size, the biomass conversion rate decreases. However, small size particles favour entrainment and cause incomplete conversion of biomass inside the reactor. This leads to choosing an optimum particle size with other operating conditions, such as gas velocity and temperature, for allowing complete conversion of biomass inside the reactor. Figure 8 shows the effect of moisture content on the biomass conversion during pyrolysis process in a fluidized bed reactor. The operating conditions such as reactor temperature (834°C) and particle size (diameter=10 mm, length = 10 mm) and heat and mass transfer conditions were kept same as given by Sreekanth and Kolar (2009) . It was found that the total time required for completion of the process (dry biomass density at centre= 0) is around 43.6 seconds for 0%, 48.1 seconds for 10% and 52.8 seconds for 20% moisture content. With an increase in the moisture content, the time required for evaporation of available water inside the particle increases. This led to the delay in onset of biomass conversion (around 22 seconds for 0%, 26 seconds for 10% and 30 seconds for 20%) and hence, increased the overall pyrolysis time for the process.
Effect of moisture content

Figure 8
Effect of moisture content on the biomass conversion (reactor temperature = 834 0 C, particle diameter=10 mm). Figure 9 shows the effect of particle shrinkage on the biomass conversion rate. The operating temperature and diameter of spherical particle was kept at 550°C and 25.4 mm, respectively. The heat and mass transfer conditions were considered same as used by Park et al. (2010) . It was found that due to particle shrinkage, the rate of conversion of biomass to solid and volatile products increases. This is due to the fact that volumetric shrinkage favours the higher rate of heat transfer which leads to faster decomposition of biomass particle. Therefore, the biomass converted to final products in lesser time for a shrinking particle (about 260 seconds) as compared to a non-shrinking particle (about 390 seconds). Effect of particle shrinkage on the biomass conversion (operating temperature = 550 0 C, particle diameter = 25.4 mm).
Effect of particle shrinkage
Conclusions
A detailed phenomenological model of thermo-chemical decomposition of biomass has been developed. The model includes the kinetics of both the primary solid phase and the secondary gaseous phase (tar) reactions on a lumped basis. The model predictions compared well with the available experimental results for the effect of operating temperature and particle size on the biomass conversion. The effect of the moisture content and particle shrinkage was further analysed and it was found that both parameters significantly affect the rate of biomass decomposition. However, there is a further scope for extending the modelling results for studying the effect of reactor hydrodynamics with operating conditions on product yields in a large-scale reactor.
For considering particle anisotropy, i.e., large variation in some properties of solid biomass and char along and across the grain direction, the permeability for both biomass and char are taken by averaging out their permeability in these directions.
,0 = ( ,0 ( ) + ,0 ( ) ) / 2 and, , = ( , ( ) + , ( ) ) / 2
A.2. Effective Diffusivity
According to the porous media theory, effective diffusivity, , = * / where, is molecular diffusivity of i th species ( neglecting the contribution due to Knudsen diffusion) and is tortuosity (taken as 1 in this case)
A.3. Effective Thermal Conductivity
The effective thermal conductivity of biomass particle is due to contribution of both molecular conductivity and radiative conductivity.
= +
where, is conductive contribution to thermal conductivity = v + s v is vapour phase thermal conductivity.
s is solid medium thermal conductivity, which is also a function of apparent biomass, moisture and char densities. For considering particle anisotropy, the thermal conductivity for both biomass and char are also taken by averaging out their thermal conductivity across and along the grain direction. and, is emissivity (value taken as 1).
A.4. Vapour and Solid Phase Enthalpy E v = h v -P/
where, h v = ∑ ℎ Here, is mass fraction of i th species in vapour phase (also includes water vapour due to particle drying), Here, ∆ 1 , ∆ 2 and ∆ 3 are heats of reactions for gas, tar and char formation by primary biomass decomposition, whereas ∆ 4 , ∆ 5 and ∆ 6 are heat of reactions for secondary tar cracking reactions. In this model, the heat energy required for moisture evaporation is also considered, and given as heat of reaction, ∆ for particle drying during pyrolysis.
A.6. Surface Emissivity
It is also given as a function of apparent densities of biomass, moisture and char:
( , − ,0 )
A.7. Heat and Mass Transfer Coefficients
The heat transfer coefficient can be calculated using correlations available in Bird et al. (2007) for forced convection around submerged objects (flat, cylindrical and spherical shaped) :
For spherical particle, Re (stands for Reynold Number ) = and, Pr (stands for Prandtl Number) = here, is particle diameter (for cylindrical and spherical shaped) / particle length (for slab  shaped) and, , , , and are thermal conductivity, relative velocity, density, viscosity and heat capacity of surrounding gas, respectively.
The mass transfer coefficient for each species can be calculated using correlations available in Bird et al. (2007) , which are similar analogies as that for heat transfer coefficients of given particles. Like, for spherical particle Sh = 2 + 0.6 (Re) 1/2 (Sc) 1/3 where, Sh (stands for Sherwood Number) = ℎ and, Sc (stands for Schmidt Number ) =
